Abstract-The existing literature on transmit antenna selection (TAS) aided spatial modulation (SM) systems extensively deals with the Euclidean distance (ED) based TAS owing to its high transmit diversity gain. In this paper, we consider the ED-TAS aided generalized spatial modulation (GSM) system that transmits multiple symbols in each channel use and characterize its attainable diversity gain. Second, we show that the minimum ED of the received constellation does not grow beyond a certain point when the size of the signal set is sufficiently large, which facilitates low-complexity implementations of the ED-TAS aided SM system. Our numerical studies revealed that a signal-to-noise gain of about 8 dB is achievable by employing ED-TAS in the GSM system compared to its counterpart dispensing with ED-TAS.
I. INTRODUCTION
The next generation communication systems are not only expected to be spectrally efficient but also have high energy efficiency. In order to cater for the latter requirement, several energy efficient modulation schemes were proposed in the recent past, which include spatial modulation (SM), space shift keying (SSK), generalised spatial modulation (GSM), index modulation (IM) [1] - [7] etc. A key feature of these schemes is that they require only a single RF-chain or at least a low number of them at the transmitter in comparison to the conventional MIMO systems [8] . This in turn significantly reduces the transmitter's power consumption. Furthermore, since only a single or a few antennas are activated, this mitigates the inter channel interference (ICI), which makes them amenable for low-complexity maximum likelihood (ML) detection [4] .
Since the number of active transmit antennas (TAs) is restricted, they suffer from the lack of transmit diversity. Several open-loop [9]- [12] and closed-loop techniques [13] - [24] were conceived in order to overcome this impediment. The closed-loop techniques can be broadly classified into a) modulation-order selection [13] , b) TAsubset selection [14] - [24] . In [13] , Yang et al. studied a link-adaptive scheme based on modulation order selection, while both capacity based and Euclidean distance (ED) based transmit antenna selection (ED-TAS) schemes were proposed in [14] . Furthermore, their performances were evaluated under imperfect channel conditions in [15] and their low-complexity counterparts were proposed in [16] , [17] . In [19] , Sun et al. proposed a cross-entropy based method for reducing the search complexity of ED-TAS, while the authors of [18] quantified the transmit diversity order of ED-TAS. An improved low-complexity implementation of ED-TAS that strikes a beneficial performance vs. complexity trade-off was proposed in [20] , while Sun et al. [21] conceived a reduced-dimensional ED-TAS-equivalent criterion, which results in the same performance as that of ED-TAS, despite its reduced complexity. In [22] , Naresh et al. studied the ED based mirror activation pattern selection schemes in the context of RF-mirror aided spatial modulation systems. A generalized transmit and receive diversity condition was proposed in [23] for MIMO systems based on the ED metric, while ED-TAS was studied in frequency selective channels for the first time in [24] . In [25] , the authors have studied the benefits of TAS in secure communication in the presence of an eavesdropper. Recently, the authors in [26] , [27] have proposed an opportunistic antenna selection based on antenna grouping and evaluated the closed form expression for the union-bound on the symbol error probability.
Against this background, the following are the contributions of this paper:
1) The existing TA-subset selection algorithms [14] - [24] were mainly conceived for SM systems, where only a single TA is activated in each channel use. In this paper, we consider the generalized spatial modulation (GSM) system [3] employing ED-TAS, where multiple TAs are activated simultaneously. Furthermore, we quantify the attainable diversity order of the GSM system employing ED-TAS and show that it attains the same transmit diversity gain as that of the SM system employing ED-TAS. In other words, our results show that the high diversity gain attained by the SM system employing ED-TAS [18] is retained by the GSM system as well, thus providing sufficient motivation to look for low-complexity solutions to ED-TAS aided GSM systems in the future. 2) A key bottleneck in ED-TAS schemes is the computation of the minimum ED over the signal set for each of the antenna combinations. The computational complexity of this metric grows with M 2 in case of the SM system, where M is the size of the signal set. Thus, when M is large, the computational complexity may be formidable. We show that the minimum ED does not change when the size of the signal set is increased beyond a certain value. As a result, the optimum TA subset remains the same, when the size of the signal set is increased. This enables us to compute the ED metric by assuming moderately large signal sets and use the optimal TA combination obtained in conjunction with larger 0018-9545 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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signal sets, thus avoiding the computation of the minimum ED over extremely large signal sets. The remainder of the paper is organized as follows. The system model and our results on the GSM system employing ED-TAS are described in Section II. Section III provides future research directions and concludes the paper.
II. GSM SYSTEM EMPLOYING ED-TAS

A. System Model
Consider a GSM system having N t TAs, N r receive antennas (RAs) and N a transmit RF-chains, whose system model is given by
where y ∈ C N r is the received vector, ρ is the average signal-tonoise power ratio (SNR) at each RA, H ∈ C N r ×N t is the channel matrix, s ∈ C N t is the transmit vector having only N a non-zero entries, n ∈ C N r is the noise vector. The entries of H and n are from a circularly symmetric complex-valued Gaussian distribution CN (0, 1). The non-zero entries of s are from a unit-energy M -QAM or M -PSK constellation, which is represented by S. The rate achieved by the GSM system is given by
where bpcu stands for bits per channel use and · 2 represents flooring to the nearest power of two.
ED-TAS:
Let N S M out of N t antennas be chosen for spatial modulation based on the minimum ED criterion. Let the enumerations of n = N t N S M combination of antennas be represented by the set I = {I 1 , I 2 , . . . , I n }. The optimal TA subset chosen based on the minimum ED criterion is given by
where H I ∈ C N r ×N S M corresponds to the N S M columns given by I and s i ∈ X for i = 1, 2, where X is the set of all legitimate transmit GSM vectors. Upon obtaining I * , the receiver encodes this information and sends it to the transmitter. Upon receiving I * , the transmitter uses the TAs indexed by I * for the transmission of the GSM signal.
B. Main Results
Let G i represent the set of spatial modulation indices associated with the GSM vectors in conjunction with the TA combination I i . For example, in a GSM system having N t = 4, N S M = 3 and N a = 2, we have 
Lemma 1 (Proposition 1 [18] ): The GSM system employing ED-TAS achieves a diversity gain of N r p under ML detection, where p = min{rank(X) | X ∈ ΔD} and
Note that the attainable transmit diversity order of the GSM system employing ED-TAS is given by p.
Proposition 1: The transmit diversity order of the GSM system employing ED-TAS is the same as that of the SM system employing ED-TAS, i.e.,
and is independent of N a . Proof: Let ΔD S M represent the set of matrices of difference vectors associated with the SM system employing ED-TAS, i.e., ΔD S M corresponds to ΔD in (4) with N a = 1. It is readily seen that there exists an X ∈ ΔD S M ensuring that rank(X) = N t − N S M + 1, which also belongs to ΔD of the GSM system given in (4). Thus, we have p ≤ N t − N S M + 1. Since any X ∈ ΔD cannot be partitioned into less than N t − N S M + 1 sets of columns, where the elements in each set are linearly independent of the elements in the other sets, we have p ≥ N t − N S M + 1. Thus, equality follows, i.e., p = N t − N S M + 1.
Remark 1:
Note that the TAS aided V-BLAST system attains a transmit diversity order of N t − N + 1 [28] , where N < N t is the number of spatial data streams. This corresponds to the special case of N S M = N a = N in our ED-TAS aided GSM framework. Furthermore, our diversity analysis is based on the minimum ED of the receive signal constellation while assuming ML detection at the receiver, whereas that of [28] is based on the geometrical framework that assumes linear and decision-feedback receivers.
Let us now characterise our result in Proposition 1 by numerical studies. Consider a GSM system employing ED-TAS and having N t = 5, N S M = 3, N a ∈ {1, 2, 3}, employing a BPSK signal set. Fig. 1 provides the distribution of rank(X) for 10 7 samples of X ∈ ΔD in the aforementioned GSM system for three values of N a ∈ {1, 2, 3}. It is evident from Fig. 1 that min{rank(X) | X ∈ ΔD} = N t − N S M + 1 for each value of 1 ≤ N a ≤ N S M . Thus, we conclude that the transmit diversity order of the GSM system employing ED-TAS is the same as that of the SM system employing ED-TAS, and is independent of the value of N a .
Let us now compare the bit error rate (BER) performance of the GSM system employing ED-TAS to that operating without ED-TAS. Consider a ED-TAS aided GSM system having N a = 2, N S M = 3, N t ∈ {3, 4, 5}, N r = 1 and employing a BPSK signal set. Fig. 2 compares the BER performance of the aforementioned system for various values of N t ∈ {3, 4, 5}. It is evident from Fig. 2 that the ED-TAS aided GSM system outperforms the system dispensing with TAS. Specifically, at a BER of 2 × 10 −3 , an SNR gain of about 6 dB and 8 dB were observed in case of N t = 4 and N t = 5 compared to the N t = 3 scenario. Fig. 3 compares the BER performance of the aforementioned system employing a 4-QAM signal set. Again, it is evident from Fig. 3 that the ED-TAS aided GSM system outperforms the system operating without TAS. Specifically, at a BER of 10 −2 , an SNR gains of about 4 dB and 5 dB were observed in case of N t = 4 and N t = 5 compared to the N t = 3 scenario. Fig. 4 depicts the variation in the BER performance of ED-TAS aided GSM system having N a = 2, N S M = 3, N t = {3, 4}, N r ∈ {1, 2, 3} and employing 4-QAM signal set. It is evident from Fig. 4 that the ED-TAS aided GSM outperforms its counterpart without TAS for various values of N r . Fig. 5 compares the BER performance of the ED-TAS aided GSM system to that of its SM counterpart when operating at 6 and 8 bpcu. Both the systems are assumed to have N t = 5, N S M = 4, N r = 2 and attain a transmit diversity order two. When operating at 6 and 8 bpcu, the GSM system employs 4-QAM and 8-QAM signal sets, while the SM system employs 16-QAM and 64-QAM signal sets, respectively. It is seen in Fig. 5 that the ED-TAS aided GSM system outperforms its SM counterpart at both the datarates. Specifically, at a BER of 10 −4 the GSM system attains an SNR gain of about 3 dB and about 1 dB w.r.t. the SM system when operating at 6 and 8 bpcu, respectively. Fig. 6 compares the BER performance of the ED-TAS aided GSM system to that of its SM counterpart when N r = 3. The other system parameters are the same as those mentioned earlier. In this case, at a BER of 10 −4 the GSM system attains an SNR gain of about 3 dB and about 4 dB w.r.t. the SM system when operating at 6 and 8 bpcu, respectively. Remark 2: Although the ED-TAS aided GSM system attains significantly better performance compared to its counterpart using no TAS, the computational complexity imposed by it is excessive. A major complexity contributor is the minimum ED computation in (3), which is over all possible transmit vectors. In a GSM system having N a active . Thus, it is an interesting open problem to conceive low-complexity solutions for reducing the computational burden imposed by (3) .
Recall that the minimum ED in (3) is given by min
2 , whose complexity grows with M 2N a . Considering the SM system where N a = 1, we show that the minimum ED does not change, when M is increased beyond a certain value. The following proposition describes the above result. A similar argument holds for the case of the GSM system, where N a > 1. 
2 . For a given channel realization H, we have
Proof:
for j = i and zero otherwise [14] , and D (M ) (I) represents a submatrix of D obtained by retaining the rows and columns indexed by I. It may be readily seen that when
= min
By taking the QR decomposition [29] of the real-valued matrix of
where N 1 -PAM and N 2 -PAM are the decompositions of the M -QAM along the real and imaginary axes and R is a 4 × 4 upper triangular matrix having zeros at (3, 4) and (1, 2). It is easy to see that the columns of R are linearly independent and hence the set {Rs | s ∈ (2Z + 1) 4 } is a discrete subset of R Let us now illustrate the result in Proposition 2 by numerical studies. For the ease of presentation, let us denote D (M ) by D k , where k = log 2 M . Fig. 7 illustrates the variation in
F as a function of k in an SM system having N t = 6, N S M = 4, and N r ∈ {1, 2, 3}. It is evident from Fig. 7(a)-(c) that when k is large, we have D k + 1 = D k . Furthermore, we see that the larger N r , the lower the value of k for which we have D k + 1 = D k . An important consequence of this result is that a moderate signal set size can be used for finding the optimal antenna subset and then the antenna subset obtained can be used for any larger signal sets without loss of optimality. This substantially reduces the computational cost of finding the optimal antenna subset for very large signal sets. For example, when N r = 3 the minimum distance spectrum in (8) does not change for M > 2 3 as shown in Fig. 7 . Thus, the search complexity in (8) does not grow beyond M 2 = 2 6 even for signal sets of size M = 2 l > 2 3 . Thus, the reduction in the search complexity order is given by 2 2l − 2 6 , l > 3.
III. CONCLUSIONS AND FUTURE WORK
We have proposed the ED-TAS philosophy for GSM systems and showed that the attainable transmit diversity order is the same as that of the SM system employing ED-TAS. Furthermore, the BER performance of the ED-TAS aided GSM system was shown to be significantly better than that of its counterpart operating without ED-TAS. Additionally, we have shown that the minimum ED in case of the SM system employing ED-TAS does not change, when the size of the signal set is increased beyond a certain point, which enables low-complexity implementation of ED-TAS for large signal sets. Furthermore, it would be interesting to study the performance of i) ED-TAS aided GSM operating with erroneous feedback channel; ii) ED-TAS aided GSM in the frequency selective channel; iii) low-complexity TAS schemes of GSM.
